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SYNOPSIS 


STUDY OF ELECTRICAL AND STRUCTURAL PROPERTIES OF 
METAL AND SEMI METAL THIN FILMS 


A jay Kumar 

Department of Physics 
Indian Institute of Technology, Kanpur 

August 1989 


When thickness of a metal film becomes comparable to 
the mean free path of conduction electrons, due to the 
surface scattering of electrons the electrical transport 
properties of the metal are modified. This modification is 
called the size effect. The size effect studies of metal 
films have been the subject of many research because these 
studies provide the tests for the transport theories and 
also offer the convenient methods of determining bulk 
fundamental parameters such as mean free path, 
concentration and mobility of the carriers etc. Due to 
size effect and high concentration of lattice defects in a 
thin metal film, the resistivity of the film becomes higher 
than that of the bulk metal , The theory of electrical 
conductivity of a film developed by Fuchs and extended by 
Sondheimer deals with the phenomena of isotropic background 
scattering and surface scattering of charge carriers. 
Mayadas and Shatzkes (MS) developed a theory of electrical 
resistivity of polycrystalline metal film which also takes 
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into account the effect of grain boundary scattering on the 
film resistivity. Another model which considers the effect 
of grain boundary scattering on the film resistivity was 
proposed by Pichard, Tellier and Tosser (PTT model). In 
this PTT model the electrical resistivity has been 
calculated for a polycrystalline film when three types of 
electron scatterings i.e, background, grain boundary and 
external surface scattering, are simultaneously operative. 
The electrical resistivity of polyvalent metal films has 
been the subject of many investigations. In the present 
study the effect of grain boundary scattering on the film 
resistivity has been studied in tin (Sn), lead (Pb) and 
tin-lead (SnPb) alloy films. The size effect in 
temperature coefficient of resistivity (TCR) has been 
studied for polycrystalline Sn and Pb films at room 
temperature. In semimetals (antimony and bismuth) mean 
free path is large, therefore, these materials are 
appropriate to judge the adequation of various conduction 
models. In the present work, the structural and electrical 
properties of antimony (Sb) and bismuth (Bi) films have 
been studied. The applicability of different models such 
as Mayadas, Pichard et al. etc. has been tested on the 
experimental results. 

The Chapter I reviews the various useful models of 
electrical resistivity of metal films and the experimental 
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work reported on the electrical properties of tin, lead, 
tin-lead alloy, antimony and bismuth films. 

The Chapter II gives the details of experimental 
techniques used in the present work. The Sb and Bi films 
were thermally evaporated onto tlie glass substrate in a 

_5 

vacuum better than 10 torr. For this purpose a vacuum 
coating unit (Hind Hivac model 12A4) was used. The rate of 
evaporation was about 1 nm/sec. The deposition of Sb films 
was carried out at substrate temperature of 350K, while for 
the deposition of Bi films, the substrate was kept at room 
temperature. During the deposition the thickness was 
controlled by a quartz crystal monitor and then it was 
measured by optical method. The resistivity measurements 
were made in situ using a four probe method over a 
temperature range 160 to 350K. The four silver electrodes 
were used as electrical contacts. Extra care was taken to 
eliminate any thermoelectric voltage by reversing the 
direction of current for each measurements. During the 
measurements, the temperature of the substrate was varied 
by a cold finger, filled with liquid nitrogen and fitted 
with a heater at the bottom near the substrate. The 
temperature was measured by a copper-constantan 
thermocouple fixed rigidly on the substrate. For the 
measurement of resistance of the Bi films at 77K, the film 
was immersed directly in the liquid nitrogen and the 
resistance was recorded. The structural and grain size 



studies of Sb and Bi films were made using Scanning 
Electron Microscopes (JEOL JSM-35 C.F. and PHILIPS PSEM 
500) and X-ray diffractometer ( ISO-DEBYEFLEX 200 2D). 

The Chapter IIIA presents the experimental results 

and discussion on the grain boundary resistivity of 

polycrystalline Sn, Pb and SnPb alloy films. Using the 

Matthiessen’ s rule the experimental value of grain boundary 

resistivity have been calculated with specularity 

parameter p = 0 from the experimental results on 

resistivity of Chandra and Katyal for Sn, Pb and SnPb alloy 

films. The grain boundary resistivity increases with the 

decreasing grain size D. At different temperatures (175 

and 300 K) the experimental results on p of Sn and Pb 

films are found to be consistent with MS model and PTT 

model. Both grain boundary models (MS and PTT) give almost 

the same results on In SnPb alloy film total 

S 

resistivity is the weighted sum of two resistivities of 
constituents. Using the approximate form of MS 

resistivity equation, an expression for the grain boundary 
resistivity has been developed in terms of resistivities of 
constituent films. At 200 and 300K, the experimental 

results on p of SnPb alloy films are found to be 

S 

consistent with this grain boundary resistivity equation. 
In polycrystalline Sn, Pb, and SnPb alloy films, the film 
resistivity is mainly contributed by grain boundary 
scattering. The Chapter I I IB presents the results on 
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temperature coeffricient of resistivity (TCR) of Sn and Pb 
films and discussion of the results. The TCR of Sn and Pb 
films exhibits the size effect. The thickness dependence 
of TCR can be successfully explained with the help of TCR 
model of Pichard et al . 

The experimental results of the present study of Sb 
and Bi films are given and discussed in Chapter IV. Both 
Sb and Bi films are polycrystalline having grains whose 
size increases with the thickness. The values of bulk 
resistivity are found by the application of Fuchs model. 
In case of Sb films, experimental results on grain boundary 
resistivity are found to be consistent with the MS and 
PTT grain boundary model at 150, 225 and 300K. The degree 
of agreement of the experimental results with the 
theoretical curves i.e. MS and PTT, is satisfactory to the 
same extent. The experimental results on total resistivity 
of Sb films agree well with the theoretical curves of three 
dimensional model of Pichard et ai.(PTT) at different 
temperatures. The reflection coefficient R is about 
0.135-0.176 while the transmission coefficient t is about 
0.82-0.877 for Sb films. The resistivity of bismuth films 
decreases with the increasing temperature. This type of 
behaviour arises as a result of competition between 
temperature dependences of carrier density and carrier 
mobility. In Bi films, the charge carrier concentration 
increases with the decrease of thickness. This variation 
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of carrier conceritration with thickness has been estimated 

theoretically from the presence of surface states. To 

include this thickness dependence of carrier densities, the 

conductivity equations have been modified. The results on 

P at different temperatures are found to be consistent 

s 

with the modified PTT model. Similarly, the experimental 
results on total film resistivity of Bi films at 77, 150, 

and 300K agree well with the modified Pichard et al . model 
(PTT) . The values of specularity parameter p for Sb and Bi 
films are 0.49 and 0.43 respectively. The specularity 
parameter is temperature independent. 

Finally, the conclusion of the present work is given 
in Chapter V. The electrical resistivity of 

polycrystalline metal films can be explained completely by 


three dimensional model of Pichard et al. 



INTRODUCTION 


Because of their potential technical value and 
scientific curiosity in the properties of two dimensional 
solid, thin films have been extensively studied for over a 
century. Initially sufficient technological progress had 
not been made to give the reasonable scientific confidence 
to thin film research. But the developments in the last 
decade have made, directly or indirectly significant 
contributions to many areas of basic and applied solid 
state research. Epitaxial growth, sise limited electron 
and phonon transport processes in metals, semiconductors 
and insulators, quantum mechanical tunneling through normal 
metal- insulator junction and micromagnetics are some of 
the noteworthy contributions of thin film phenomena to 
solid state physics. The technical interests which 
stimulated these studies have also been rewarded in form of 
useful inventions such as active and passive devices, solar 
cells, radiation sources, detectors, magnetic memory 
devices, and cryotrons. Evaporation and sputtering are the 
two physical methods, commonly used for the preparation of 
thin films. 

Thin films are most commonly prepared by the 
condensation of atoms from the vapour phase of materials. 
The growth of film at substrate occurs in a sequential way. 
This growth process may be distinguished by four stages. 
Randomly distributed three dimensional nuclei are first 
formed to approach a saturation density with a small amount 
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of deposit©. These nuclei grow to form observable 
islands. Then these islands increase their siae by further 
deposition and come closer to each other; the larger ones 
appear to grow by coalescence of smaller ones. This 
disappearance of small islands is quite rapid. In third 
stage when the island distribution reaches a critical 
state, a rapid large scale coalescence of islands results 
in a connected network structure and the islands are 
flattened to increase surface coverage. The network 
contains a large number of empty channels. Finally with 
further deposition the filling of empty channels occurs due 
to secondary nucleation and the film becomes continuous. 
Thus according to the growth stage a film may be island 
type, porous type, and continuous. Each stage has the 
influence on the thin film properties. The properties of 
thin films also depend on preparation methods and 
conditions . 

Thin metal films having small thermal capacity and 

fast response time are finding increasing application in 

1 2 

detection of laser pulses, ’ The applications of thin 
metal and alloy films, particularly in the field of 
microelectronics, are of great importance. Some suitable 

3 

metallic alloy films are used as thermogenerators. The 

electrical and structural properties of metal films and 
metallic alloy films are the subject of many research. 
Because of surface scattering of carriers in the film of 
thickness comparable with the mean free path, the 
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electrical transport properties of metals are modified. 
This modification is called the size effect. These size 
effect studies have provided the tests for transport 
theories and have also offered convenient methods of 
determining bulk-fundamental parameters such as the 
concentration and mobility of the carriers, the mean free 
paths and their temperature and energy dependence for 
electron-phonon and electron-electron scattering, surface 
scattering coefficient and Fermi surface topology. A 
variety of new phenomena of basic importance has emerged 
from these studies like size dependent specular scattering 
of electrons in metal films, thickness dependent 
oscillatory variation of the transport properties in 
semimetals due to the size quantization of energy levels 
etc. 


The improvement in the vacuum technology and 
deposition procedures have led to a good degree of control, 
due to which fundamental research on metal films is 
continuing to have a better understanding of the solid 
state behaviour of thin metals. In the present work, tin 
(Sn), lead (Pb), tin-lead alloy, antimony (Sb), and bismuth 
(Bi) films have been studied due to following reasons. The 
Sn and Pb films are used as corrosion preventing coatings 
because they are highly resistant to stress corrosion 
cracking and service failure is rare. The metal film such 
as Pb, Sn, Bi films etc., can be used for the detonation of 
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high explosive. The Pb and Sn films are also used in 

testng bhe corrosion of rocket propulsion fuels. These Pb 

and Sn metals are important for basic research. These are 

polyvalent metals having a complicated Fermi surfaces. The 

applicability of various conduction models can be 

13 

tested for these metal films. Chaudhuri et al . concluded 

that experimental results of Pb films were in good 

12 

agreement with the Lucas model with diffuse scattering. 
Stolecki et al.^^’^^ found that siae effect in 
polycrystalline Sn films was consistent with the Wissmann 
model . ^ 

The tin- lead alloy which generates a moderately low 

thermo e.m.f. relative to copper is useful in the 

production assembly of components onto printed circuit 

boards. The use of SnPb alloy as soldering material has 

been extended to highly sensitive electronic circuits where 

1 6 

large D.C. voltage gain is required. Ghosh et al . have 
studied the resistivity behaviour of SnPb alloy in the 
temperature range 70^C to 100*^0. 

In the present study the effect of grain boundary 
scattering on the film resistivity has been studied in Sn, 
Pb and SnPb alloy films. The thickness dependence of 
temperature coefficient of resistivity (TOR) of Sn and Pb 
films at room temperature has been described with the help 
of Pichard et al. model. For this study, the required 
experimental data has been used from the reference 17. 
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The electronic properties of semimetals (group V 

elements such as antimony, bismuth etc) are of particular 

interest. These materials have high carrier mobilities, 

small effective masses, and non-parabolic energy— momentum 

relations. Due to these properties these materials are of 

great experimental interest both for device applications 

and for studies of wide range of physical phenomena. In 

thin film state these materials exhibit anomalous but 

interesting transport properties. In semimetals (Sb and 

Bi), mean free path is comparatively large so these 

materials are appropriate to judge the adequation of 

various models of electronic conduction in thin films. 

Semimetal bismuth is the best material to study the quantum 

size effects, because due to its Low Fermi energy, its 

deBroglie wavelength is appreciably larger. Furthermore by 

alloying these materials the energy gap can be varied, 

thereby making possible the production of materials to 

1 B 

desired band gap specifications. Numerous investigations 
have been carried out on the transport properties of these 
materials with a number of contradictions. The aim of the 
present work is to study the electrical conduction 
phenomena in thin semimetal Sb and Bi films at different 
temperatures. The applicability of different models has 
been explored on the experimental results. 
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CHAPTER I 


ELECTRICAL RESISTIVITY OF THIN METAL FILMS 

The resistivity in metals arises due to the 

collisions of conduction electrons with vibrating lattice 

atoms (phonons), impurities and defects.^ In case of thin 

metal films when the film thickness becomes comparable to 

the mean free path of conduction electrons, the film 

boundaries impose a geometrical limitation on the mean free 

path of conduction electrons. Therefore, in thin films, 

due to the additional collisions of the electrons with the 

film surface, the electrical resistivity becomes high. 
2 

Thomson was first who postulated the concept of surface 
scattering. According to Thomson model, the electrical 
conductivity of a film is written as 

? = [k] *1] 

where K = 

o 

©■p = Conductivity of metal film 

O' = Conductivity of bulk metal 
o 

^ = Mean free path of the conduction electron in 

° bulk 

d = Film thickness. 

The serious objection to this model is that the film 
conductivity o-p does not approach bulk conductivity in 

equation (1.1) as K — * oo. Thomson had considered the free 
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path of one electron and integrated to obtain the mean 
value. However, since all electrons in the film are not 
identical to one another, all electrons must be considered 
to calculate the average value. The statistical 
distribution of in the bulk is necessary to formulate a 
satisfactory model. Fuchs proposed a theory of electric 
conduction in thin metal films. In this model a spherical 
Fermi surface and an isotropic mean free path were 
considered. The conduction electrons were assumed to be 
diffusely scattered at the surface and the electrical 
conductivity expression was given as 


!i 1 i_ " 

<y ~ 2K 

o 




where tj^ = (Cos^) 

Equation (1.2) can be approximated for convenience as 


F _ 


O' 


= 1 


3 '■^F _ , ^ 3 

8K p “ ^ 8K 

o 


for K >> 1 (1.3) 






I K (^n I ) 


for K << 1 


(1.4) 


where pj. = Resistivity of the metal film 
P^ = Resistivity of the bulk metal. 


When scattering is not diffuse, a specularity 


parameter p was introduced, p gives the fraction of the 
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electrons which is scattered elastically (specular) from 

the film surfaces while the remainders are diffusely 

scattered. A generalized form of conductivity of thin film 

4 5 

was given by Sondheimer ’ as 



cr 

O 


1 



l-exp(-Kt^) 

5 J 1-p expC-Kt.) 

1 

. - . (1.5) 


The limiting forms of equation (1.5) for relatively 
thick and thin films can be written as 



3 (1-p) 

8 K 


o 


a '4 

(1+p) 

(i-p) 



K >> 1 

K << 1 


( 1 . 6 ) 

(1.7) 


Since the interfaces on the two sides of the film 

surface are not same, therefore, specularity parameter is 

likely to be different for either surfaces. Using Fuchs 

6 7 3 

method, Juretschke and Lucas ’ derived the conductivity 
of thin film with unlike surfaces characterized by 
specularity parameters p and q as 


1 _ 3 r f 1 _ 1 1 1-e ^"^l 

4K J- I .3 .5 J 

1 ^1 l-pqe 1 

X E2-p-q + (p+q-2pq)e”^^l] dt^^ 


( 1 . 8 ) 


For thick and thin films this conductivity expression 


can be approximated as 
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and 





K >> 1 (1.9) 



a 

o 


- 1 (l-^p) (1-t-q) 
4 (1-pq) 


K -fn 



K <<1 


( 1 . 10 ) 


The ■fcempera'ture coefficient of resistivity (TCR) 

1 d 

= — depends on parameter K ( = 7 —) of the film. The 

Pt<3. 1 , 

i? o 

limiting expression for the temperature coefficient of 


resistivity {3^ of the film may be written as 


For thick film K >> 1 


_ 1 _ 3 ( 1 -p) 

^o " ' " 8 K 


( 1 . 11 ) 


For thin film K << 1 


+ 0.423 


( 1 . 12 ) 


where ft = Temperature Coefficient of resistivity (TCR) 
o 

of bulk metal. 


An alternative expression for the Fuchs-Sondheimer 

9 

(FS) function was proposed by Cottey who considered only 

continuous metal films with smooth parallel surfaces. 

Cottey assumed that bulk and surface scatterings are taking 

place independently and bulk mean free path of conduction 

electrons is independent of position, film thickness, and 

direction of motion of electrons. The Cottey function 

9 

describing the size effects in conductivity is written as 
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F(Ai) 


‘^F 3 r 1 -I- 2, . -1, 

— = -2AJ fJ-2 + (1-/J ) *i (1+M } 


] 


(1.13) 


where 


jU = 


^^(1-p) 


(1.14) 


It has been found^*^ that Cottey formulation agrees 
with FS model within 8%. However, Tellier et al,^^ has 
pointed out that using 





(1.15) 


instead of equation (1.14), leads to satisfactory results 
(deviation less than 4%) in the larger K and p ranges. 

In nearly all instances, it has been observed that 

single crystal films show a lower resistivity than the 

corresponding polycrystalline films. The polycrystalline 

films have also a resistivity contribution due to the 

scattering of conduction electrons from the grain 

boundaries. To consider the effect of grain boundary 

scattering on the conductivity of the film Mayadas and 
12 

Shatzkes (MS) presented a model. The MS model postulates 
that only the grain boundaries perpendicular to the 
electric field are the main additional contributors to the 
resistance. In this model, the total resistivity of a 
polycrystalline film including isotropic background 
scattering, grain boundary scattering, and external surface 
scattering, is given as 


A 



13 




G(a 


) . 


(1.16) 


where A 


6 _ 

ttK 


tt/2 oo 

(1-p) J J 

o 1 





1-exp [-Kt.H (t, , 

X dt. (1.17) 

1-p exp C-Ktj^H(-bj^ ,<;!>) ] 


with 




1 + a(Cos<^) 




] 


- 1/2 


P , which represents the resistivity due to both isotropic 
s 

background scattering and grain boundary scattering, is 

connected to the bulk resistivity p by the relation 

o 


^ - G(«) = 1 
g 


I a + 3a^ - 3o(^ (1+ I ) (1.18) 


where 


a 




D(l-R) 


R = Reflection coefficient of conduction 
electrons at the grain boundaries 
D = Average grain diameter 
<P and = Integration Variables. 

The equation (1.16) obtained by Mayadas and Shatzkes 
is non-analytic and complicated and for comparison with the 
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experimental results, numerical solutions are necessary. 

To make the MS theory more practicable, approximate 

linearised expressions have been derived. Thieme and 
13 

Kirstein obtained a simple analytic expression for the 
resistivity of a polycrystalline metal film which is 
written as 





(1-p) 

K 


] 


( 1 . 19 ) 


A similar equation has also been obtained by 

14 

Dobieraewska et al. They have found that film 

resistivity, under the condition that film is not very thin 
(fj > 1) and grain boundary scattering is not very strong (a 
< 1), is the sum of resistivities due to phonons and 
defects due to surface scattering (P_) and due to 

grain boundary scattering accordance with 

Matthiessen’ s rule. The total film resistivity pj. is given 
as 



+ 


3 ^ 

8 fj 


with 





P 


I R 


o o 
(l-R)D 


+ P 


gb 


+ P. 



o o 

d 


d 


( 1 . 20 ) 

( 1 . 21 ) 


The approximation given by Wedler and Wissmann 


15 


also 
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leads to the similar expression as given by equation 

( 1 . 20 ) . 

In contrast, phenomenological theories have been 
proposed by Warkusz^® and Pichard et to 

consider the effects of grain boundary scattering on the 
electrical resistivity of films. In these theories, the 
conductivity characteristics are described by algebraic 
expressions. These models are based on more realistic 
physical models of the grain structure of the films. The 
three dimensional, model of Pichard et (PTT 

model) considers the effect of grain boundary scattering on 
the electrical properties of polycrystalline film through a 
simple probability calculation. 

In this three dimensional PTT model, grain boundaries 

in polycrystalline films can be represented by three arrays 

of mutually perpendicular planar potentials. The average 

effect of grain boundary is represented by a specular 

transmission coefficient t which gives the fraction of 

electrons whose velocity in the electric field direction is 

not altered by the grain boundary, whereas the remainder 

electrons are diffusely scattered and do not contribute to 
19 21 

the current. ’ In this model, the resistivity p due to 

O 

both isotropic background scattering and grain boundary 
scattering, is expressed as 


O' 




<r 

o 



V 


- 1 ^ 


(1-r^) 


in 


(l+r ^) 


( 1 . 22 ) 
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with 


r 


u + c 
1-C 


C = 


4 

n 


and 


u 



(1.23) 


whereas in thin poly'crystalline films in which three 
types of electron scatterings (background, grain boundary, 
and external surface scattering) are simultaneously 
operative, the total electrical conductivity cyp takes the 
simple analytical form^^’^^ 


O', 


O' 


3 

2b 


a - -g + (1-a^) (1+a 




(1.24) 


with 


and 


b = (1-C) 

? -1 -1 
a = (1+C‘^i' )b ^ 


-f (^nl] 


(1.25) 

(1.26) 

(1.27) 


This conductivity expression given by equation (1.24) 
is also valid for monocrystalline or columnar film provided 
that b is replaced by bg given by^*^’^^ 



(1.28) 
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Recently, 


it has been pointed out that by using 


25,26 


^ - L- <3.+t) 

" 2(l-t) 


(1.29) 




- ^ ( l-^P) 

2(l-p) 


(1.30) 


instead of definitions of v and m given by equations (1,23) 

and (1,27), the range of validity of electrical resistivity 

expressions can be extended to the whole experimental 

domain. For relatively high values of t and p, the more 

covenient definitions of u (equation 1.23) and fj (equation 

26 

1.27) are also valid. Thus, whatever be the film 

structure and its electrical state, equation (1.24) can be 
used for describing the electrical conductivity of metal 
films . 


The behaviour of electrical conductivity and 
galvanomagnetic coefficients of thin metal films have been 
the subject of many investigations. Because the study of 
these properties is the main source of information on the 
behaviour of charge carriers . The previous studies made on 
lead (Pb) films were mainly concerned with its nucleation 
and growth properties ’ and its properties at liquid 

O Q — 7 ra Q 

helium temperatures. Aleksandrov studied the siae 
effect in ultra thin lead films at low temperatures. The 
transport properties of vapour deposited lead films have 
been studied in the low temperature region by Morgner et 
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39 

al . They have pointed out that in addition to the 

scattering of electrons on the external boundaries, 

scattering at grain boundaries also occurs. Tsalyy^*^ has 

reported the effect of temperature on electron diffraction 

peaks for lead films and he determined Debye temperature & 

at 300K as 59K, 69K and 77K for film thicknesses 90, 200 

and 300 % respectively, Chaudhuri et al.'^^ have studied 

the electrical resistivity and temperature coefficient of 

resistivity (TCR) of lead films in a temperature range 30 

to 150°C. They concluded that experimental results were in 

good agrement with Lucas model and scattering at both the 

surface was completely diffused. The values of ^^(1-p) as 

obtained from pj, vs and vs. plots were 46.0 nm and 

42.6 nm respectively. The Fermi surface area was 

6 ”*2 42 

calculated as 1,683 x 10 cm . Murakami studied the 

thermal strain and effect of different substrates on 

43 

thermal strain in Pb film, G. Chandra have studied the 

structural and electrical properties of Pb films. He found 

that lattice parameter increased with decreasing film 

thickness. He also found that MS model was consistent with 

the experimental results on resistivity of Pb films. The 

dependences of the electrical resistivity and of its 

temperature coefficient on thickness, grain size, 

temperature , and annealing treatments were determined for 

lead films deposited on a liquid helium cooled substrate by 

44 

Belevtsev et al. The experimental data were interpreted 

12 

on the basis of theories of Mayadas et al,(MS) and of 
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45 

Tosser et al. They concluded "that, theory of Tosser et 

al, provides a better interpretation of the experimental 

46 

results. B.K. Sarma et al . have investigated the effects 
of annealing on the electrical resistivity of vacuum 
deposited lead films. 

The previous investigations on tin films v?ere carried 
out mainly to study its super conducting properties at 

j ^ fr 4 

liquid helium temperature^ and its nucleation and 

52 

growth properties. At low temperature a study on size 

53 

effect of Sn film was made by Niebuhr. The experimental 

results were fitted well to the Fuchs theory. The value of 

mean free path and specularity parameter were estimated as 

54 

55.0 nm and 0,69 respectively. Pal et al . have studied 
the electrical resistivity and TCR of Sn films in the 
temperature range 30 to 150*^0. They concluded that MS 
theory reproduced the experimental observations more 
faithfully than F.S. theory. The values of term ^^(1-p) 
from pj. vs -g and vs plots were found to be 31.5 nm and 

27.0 nm respectively. A comparatively high value of bulk 

resistivity p^ at room temperature for Sn films was 

extrapolated as 45.8 pO cm. The growth of tin films under 

55 

electron microscope was examined by Malhotra. He found 

that the grain size increased with the thickness of the 
film. The electrical properties and effect of annealing on 
electrical properties of polycrystalline tin films 
evaporated onto cold substrate were studied by Stolecki 
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et al . ’ They have found that film resistivity and TCR 

are the function of film thickness and annealing 

temperature. With increasing film thickness, annealing 

temperature, and annealing rate, the resistivity decreases 

and TCR is increased. Wissmann model was found to be 

consistent with the experimental data. They have concluded 

that grain boundary scattering is considerable and it also 

depends on both the annealing temperature and annealing 

^>8 

rate. Patel et al.^ studied the effects of the substrate 

(NaCl, KCl, KBr and KI) and substrate temperature (28-90^0 

on the crystallinity of tin films and found that 

crystallites of film deposited on KBr were more 

preferentially oriented than those deposited on NaCl, KCl 

59 

or KI . Saif et al. studied the structural, electrical, 

and optical properties of thin Sn films. The Sn films were 

polycrystalline in nature whose grain sise increased with 

the film thickness. The experimental results on 

resistivity were fitted with the MS model. From the 

theoretical forinula, the mean free path, mobility, and 

concentrations of conduction electrons were calculated in 

60 

thin films. Varghese et al. have reported a study of 

effect of gold, silver, tin, and aluminium electrodes on 

the electrical properties of tin films. They found that 

percentage variation in resistance was less for gold and 

silver electrode films and large for tin and aluminium 

6 1 

electrode films. In case of Sn films, De et al. have 
observed that thermoelectric power varies linearly with 
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temperature in temperature range 30 to lOO^C . Temperature 
dependence of size effect in thin tin films in a 

cp 

temperature range 77 to 450K was studied by Angadi et al. 

They found that with diffuse scattering FS theory explains 

the experimental results only in high thickness region. 

For R = 0.1, it was found a good agreement between the MS 

theory and experimental results . Pichard et al , have 

reported the effect of grain boundary scattering on the TCR 

of thin tin films. It was observed that the effects of 

grain boundary were not temperature dependent from 65 to 

64 

140K. Recently, Chandra et al. have studied the 
electrical properties of polycrystalline tin films in a 
temperature range 150 to 350K. They have observed that 
average grain size increases with the thickness linearly 
and resistivity and TCR exhibit the size effects. From p^. 
vs -4 vs 4 plots, they calculated the values of 

(l-p) equal to 43.6 nm and 34.0 nm respectively. The 

extrapolated bulk resistivity of Sn at 300K was found 

12.6 pO cm. The electrical resistivity was found to be 
consistent with the Wissmann model for R = 0.60 and p = 0. 

The tin-lead (SnPb) alloy is used as soldering 

material and it is also useful in high sensitive electronic 

65 

circuits where large DC gain is needed. Ghosh et al . 
have studied the electrical resistivity and TCR of SnPb 
alloy films. They have compared the experimental results 
on electrical resistivity and TCR with the values 
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calculated by assuming coexistence of two phases in the 
alloy. Chandra and Katyal have tested the applicability 
of Mayadas model on the electrical resistivity of 
polycrystalline SnPb alloy films. By assuming that alloy 
film resistivity can be written as the weighted average of 
resistivities of the components (Sn, Pb), a theoretical 
expression from MS model was derived for the resistivity 
of alloy film. It was found that this theoretical equation 
with R = 0.92 and p = 0 reproduced the experimental 

results . 

The transport properties of group V elements (Sb, Bi 

etc) have drawn the attention of many researchers and 

there have been extensive investigations on the thin films 

of these semimetals. There are two types of siae effects 

observable in thin films - the classical and quantum siae 

effects. The quantum siae effect appears when film 

thickness becomes comparable to the de Broglie wavelength 

of the conduction carriers. At this thickness electronic 

energy states become discrete, resulting in oscillations in 

transport properties as a function of thickness with a 

period nearly equal to one half of the carrier wavelength. 
67 68 

Komnik et al, ’ have observed quantum oscillation in 

69 

antimony films. Leverton et al. have reported 

measurements of Hall coefficient and resistivity of Sb 

70 

films. Colombani et al. have studied the transport 

properties of antimony films and found that film of 
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■bhickriess smaller than 90 nm exhibited the size effect. 

The growth mechanism and structure of thin Sb films have 

been investigated by many authors . The classical size 

effect in electrical properties of Sb films was studied by 
75 

Barua et al. The thickness dependence of electrical 


resistivity of Sb films deposited 

in 

oil 

pumped 

and 

ion 

pumped evaporators was studied by 

M 1 ^ 76 
Maki 

who found 

that 

films with thickness greater than 

20 

nm 

showed 

no 

size 


77 

dependence. Horikoshi et al. reported the observations 
in close agreement with those of Maki . The temperature 
dependence of conductivity. Hall coefficient, 

thermoelectric power (TEP), classical and quantum size 

effects in thin antimony films in the thickness range 15 to 

7 8 

800 nm were studied by Paprocki et al . By using tunnel 

spectrometry techniques, the energy band edges along the 

trigonal axis were determined. From the experimental 

results they have estimated the mean free path of the 

carriers at 77K and specularity parameter p equal to 700 nm 

79 

and 0.8 respectively. Pal et al . have measured the 
electrical resistivity and TCR of polycrystalline Sb films 
in Situ. Recently, Deschacht et al.^^ have done an 

extensive study of electrical properties of thin antimony 
films. They investigated the effect of grain boundary 
scattering on the electrical conductivity both 
theoretically and experimentally and found excellent 
agreement between the theoretical and experimental 
results.®^ The experimental results on TEP and TCR of 
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82 

polycrys'talline Sb films have been successfully explained 
by using a modified form of MS model^^ and assuming 

on 

unequal hole and electron concentrations . These authors” 
derived an expression for the resistivity of an infinitely 
thick polycrystalline semimetal films using MS model and 
found a good agreement with the experimental results of Sb 

Q Q 

films. Deschacht et al . have tested the applicability of 

new conductivity equations of thin films grown in a 

coluBxnar fashion, proposed by Tellier et al . The same 

group®^ also derived an expression for TCR in 

polycrystalline semimetal film by taking into consideration 

the influence of internal sise effects on film resistivity 

in terms of MS function, thermal strains and the difference 

in the thermal expansion coefficients between the film and 

its substrate. They found a good agreement between the 

theoretical equations and experimental results in the 

temperature range 77 to 500K over a grain size range 30 to 

200 nm, for antimony films of 200 nm thickness. The 

electrical resistivity of bismuth and antimony films 

deposited onto glass substrate at a pressure of 10 torr 

85 

in a temperature range 20 to 500K was studied by Pariset. 

He found that crystal size could be kept constant with 
increasing thickness by using appropriate heat treatments 
and epitaxial technique. The experimental results of Sb 
films were in good agreement with approximate form of FS 

and MS size effect theories. The specularity parameter p 

86 

was greater than 0.7. Pal et al . have reported the 
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measurements on the electrical and galvanomagnetic 

properties of Sb films in situ. The values of ^^(1-p) 

obtained from vs and vs plots were 51 nm and 60 

nm respectively. The bulk resistivity and bulk TCR 

-3 - 1 

were found to be 70 pCi cm and 2.4 x 10 K respectively. 
They observed that MS model with specularity parameter p = 
0 and grain boundary reflection coefficient R = 0,15, 

reproduced the experimental results. The influence of 
preparative technique on the structural and galvanomagnetic 
properties of thin antimony films was systematically 

Q *7 

investigated by Mo je jko et al . They observed that it was 
possible to obtain antimony films of structure similar to 
that of single crystal over a broad range of the substrate 
temperatures (T^ = 50 to llO^C). From the experimental 
data on Sb films deposited at a substrate temperature T^ = 
50 to llO^C, the values of p^ and ■^^(l-p) were calculated 
as 55 pCl cm and 300 nm at 293K respectively. The results 
were analysed on the basis of FS and MS theories . They 
concluded that surface scattering was almost diffuse (p = 0 
- 0.15) and grain boundary scattering was 16% - 25% 

g g 

specular. According to Akhtar et al . the thickness 
dependence of both the electrical resistivity and the 
thermoelectric pwer for Sb and Bi films could be described 
by using FS theory. The values of P^ and for Sb 

were obtained as 49 pOi cm and 73 nm respectively. 


The semimetal bismuth has comparatively large mean 
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free path and its conduction electrons have large de 

Broglie wavelength, small effective mass and low Fermi 

energy. Due to these properties, bismuth is best material 

to study the quantum size effect (QSE) . Several authors 

have studied QSE in the Bi films. In bismuth, the 

mean free path of the electron is large thus classical size 

effect (CSE) can be observed at larger thickness even at 

97 

room temperature. Kaidanov et al. have investigated the 

effect of thickness on the electrical properties of bismuth 

films in a temperature range -190 to +150^0. They have 

found that as thickness decreases, the resistivity 

increases and Hall effect and the resistivity change due to 

magnetic field decrease. The electrical properties of Bi 

98 

films were studied by A. Colombani et al. 

Galvanomagnetic effect of evaporated Bi films in a 

temperature range 77 to 293K were reported by Sawatari et 
99 

al. They concluded that thickness dependence of 

resistivity was mainly due to the change of mean free path 
and of carrier concentrations with thickness . These 
authors observed that negative TCR was due to the 
difference in temperature dependence of the mobility 
between the bulk and thin film. Newman and Kao^^^ 
investigated the dependence of conductivity on grain size 
of Bi films and found that scattering at grain boundary was 
the primary cause of decrease in the conductivity in Bi 
films. The electrical transport properties of well 


ordered, twinned Bi films between 1.15 and 300K were 
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studied by Hoffman et At 300K, the experimental 

results were fitted roughly with F.S theory with p = 0.60 

but at low temperature the results could not be explained 
by F.S theory and p was found to be negative. This 
indicates that there exists an additional size dependent 
and temperature dependent scattering mechanism. At low 
temperatures, quantum oscillations were observed in all of 

the transport properties of thin Bi films. A more faithful 

10 9 

study of bismuth films was reported by Garcia et al. 

They have studied the thickness dependence of resistivity. 

Hall coefficient, and magnetoresistance, by gradually 

varying the thickness of a single film, which was kept 

under high vacuum during the entire experiment . They have 

concluded that infinite potential well model with boundary 

condition that wavef unction (.y) vanishes at the surface, 

does not explain the experimental resuslts on Hall effect. 

On using the boundary condition that Vy = 0, the 

experimental results on Hall coefficient were found to be 

103 

consistent with the theory. Subotowicz et al, measured 

the classical (CSE) and quantum size effect (QSE) in thin 

Bi films. The results were fitted with F.S theory for p = 

0.6. The mean free path was found to be 1000 nm. They 

studied the possible changes of work function with film 

thickness in connection with the metal -semi conductor 

1 04 

transition. Mikola jczak et al. studied the TEP of Bi 
thin film. The transport properties of glass coated 
bismuth films in a temperature range 77 to 300K were 
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studied by Inoue et They found that Hall 

coefficient for thinner films (d < 50 nm) was p type at 

higher temperatures and became n type below a critical 

temperature T , where T increased with thickness, whereas 
c c 

the thicker ones with d > 50 nm were always n type. The 

thicknes dependence of resistivity was understood by the 

size effect theory. The value of and were obtained 

as 1.14 X 10 ^ Ocm and 50 nm respectively. P. Sen et 

1 OR 

al . reported the measurements on resistivity of Bi films 

in a temperature range -60 to llO^G. They have found that 

the negative TCR in thinner films changes with thickness 

becoming positive at higher thickness. This type of 

behaviour was attributed to the anomalous growth structure 

as observed by Ertl et al . Inoue et al . and Newman 

et al.^®^ have also found that smoother polycrystalline 

structure exists at higher thickness. In the study of 

108 109 

kinetic properties of thin Bi films Komnik et al. 
have observed the following peculiarities: (1) in 

resistivity vs temperature curve, the resistivity goes 
through a minimum; (2) for very thin films at low 
temperatures, a maximum of resistivity occurs; (3) at very 
low temperature the decrease of film thickness is 

accompanied by a decrease of resistivity . The positions 

of minimum and maximum in vs T plot were found to be 
■bhicknoss d.op^nciozi't . Thcs^ authoirs * concluded, ■that 

these peculiarities followed from the temperature 
of the carrier density and carrier mobility , the 
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temperature coefficients of which are opposite in sign. 
They found that anomalous size effect was due to an 
increase iii carrier density with decreasisng thickness 

of Bi films- Komnik et al.^^*^ also studied the effect of a 
change in lattice spacing of small crystalline particles in 
bismuth islsi’^^ films due to surface pressure. Chaudhuri et 
al have measured Hall effect, resistivity, 

magnetoresis'fc^J^'^® ' TCR of thin Bi films deposited at 150^C. 
They obtained a positive Hall coefficient. The values of 
t (1-p) obtained from vs and vs ^ plots were 668.7 
and 742.7 nm respectively. The values of and p were 

found as 1-182 x 10 ^ Dcm and 0.6 respectively. The TOR 
was negative for all thicknesses. They concluded that both 
FS and MS theories were more or less satisfactory to the 
same extent. The resistivity. Hall coefficient, 

magnetoresistance, and thermoelectric power for the 

temperature range 80 to 293K were measured by Kochowski et 

112 From the data obtained, concentrations of electron 

(n) and holes (P^) as well as their mobilities were 

determined without assuming that n = p^. Similar kind of 

113 

study was carried out by Vandamme et al. They obtained 

the results which were in close agreement with those of 

11? 114 

Kochowski et al- Kuijper et al . also determined the 

mobilities and concentrations of electrons and holes using 
i^^+yr>x>ic two carrier model- They found that electron 

an anisotropj-'-' 

and hole concentrations were approximately equal. 
Pariset®^ found that experimental results on electrical 
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resistivity 

of 

Bi 

films were in 

good 

agreement 

with 

approximate 

form of 

F.S and 

MS size ( 

effect theories. 

Electrical and 

structural properties 

of bismuth film 

have 

been studied 

by 

Buxo 

et al.ll^^ 

They 

have 

concluded 

that 

surface states 

play 

a major 

role 

in 

dictating 

the 


properties of conductivity. The surface state density and 

the energy barrier which controls the carrier transport 

across the grain boundaries have also been evaluated as a 

116 

function of preparation technique. Saleh et al. studied 
the elastoresistance properties of thin Bi films. From the 
study of electromagnetic properties of thin Bi films Asahi 
et found that transverse magnetoresistance had a 

tendency of saturation with increasing magnetic fields. 
This tendency was stronger for thinner films. This 
behaviour was attributed to the scattering at the grain 
bovmdary planes parallel to the electric field. Asahi et 
also studied the size effect in the electrical 
properties of thin epitaxial bismuth films. The MS theory 
was modified to make it applicable for a system with two 
carriers (electron and hole). The thickness dependence of 
the carrier densities was also considered. The specularity 
parameter P at the surface and reflection coefficient R at 
the grain boundaries were determined to be 0.7 and 0.2 to 
0.3 respectively. Damodara Das et al. ' studied the 

temperature dependence of resistivity of Bi film. They 
also found that resistivity vs temperature plots exhibited 
a minimum whose position was a function of thickness. 
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Thickness dependence of resistivity and TCR of 

polycrystalline Bi films were studied by Schnelle et 

They modified the approximate MS equation for the 

resistivity to consider the thickness dependence of charge 

carrier concentration. Using this modified model, these 

authors successfully explained the resistivity behaviour 

and negative TCR of bismuth films. Recently Beutler et 
121 

al. have observed fluctuations in low temperature 

resistance of thin Bi wires 6ind films. These fluctuations 
appeared most clearly as a function of time. 

In the present work, the effect of grain boundary 
scattering and surface scattering on the electrical 
resistivity of tin, lead, and tin-lead alloy films have 
been studied at different temperatures. The size effect in 
temperature coefficient of resistivity (TCR) of tin and 
load films have been studied at room temperature. For this 
study of electrical properties of Sn, Pb, and SnPb alloy 
films the experimental data has been used from reference 
43. The electrical properties of thin Sb and Bi films have 
been studied at different temperatures. All the electrical 
measurements were made in Situ. The experimental 

observations have been correlated with structure of the 
film. The applicability of different models such as 
Mayadas, Pichard model etc. has been explored. 
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CHAPTER II 


EXPERIMENTAL DETAILS 
2.1 Preparation of Sb and Bi Films 

Sb and Bi films were prepared b 7 thermal evaporation 

method. The glass slides were used as substrates, as glass 

surface is atomically smooth, chemically inactive, and 

nonporous . For the preparation of thin films, a vacuum 

coating unit (Hind Hivac model 12A4) which was fitted with 

a oil diffusion pump and a liquid nitrogen cold trap, was 

— R 

used (Fig. 2,1), A vacuum of about 10 torr was 
maintained in the vaccum chamber of this coating unit. The 
distance of glass substrate from the source was about 20 
cm. The glass substrate was cleaned prior to deposition by 
the following method. 

The glass substrate was washed by detergent solution 
and rinsed properly in distilled water. Then this glass 
substrate was kept in boiling distilled water for 15 to 20, 
minutes. After this, it was cleaned, ultrasonically , in 
acetone. During ultrasonic cleaning due to vibrations 
microscopic cavities were formed in the cleaning fluid. 
These cavities had a powerful scrubbing and cleaning action 
because of which impurities were easily removed. Finally 
glass substrate was degreased in the vapours of isopropyl 
alcohol for 20 minutes. 
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Fig. 2.1 ‘HIND HI VAC’ 12A4 VACUUM COATING UNIT. 
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The cleaned glass slide was placed horizontally on 
the substrate holder in the vacuum chamber. A piece of the 
film material was placed in molybdenum boat. When the 
pressure was reduced to about 10 ® torr, the boat carrying 
the film material was heated. As a result of evaporation, 

the evaporated atoms got deposited onto the substrate. 

Four silver (99.99%) spots were first deposited onto the 
cleaned substrate using a suitable mask. These silver 
spots served as electrical contacts. Sb(99,999%) and 
Bi(99.999%) supplied by Chempure (Pvt.) Ltd., Calcutta, 
India were used for the preparation of the sample films. A 
suitable mica mask was used to obtain a definite 

rectangular shape of the film. Film obtained in this way, 
made a bridge over the silver electrodes. Before the 

evaporation, the metals Ag, Sb, and Bi were etched with 
very dilute hydrochloric acid for the removal of surface 
oxide then these metals were washed by deionized distilled 
water and finally rinsed by acetone. The molybdenum boat 

_5 

was also heated to a high temperature in a vacuum of 10 
torr before the evaporation. The deposition was controlled 
by controlling the current through the boat. For the 
deposition of Sb films, the substrate was kept at 350K, 
while the deposition of Bi films was carried out at room 


temperature . 
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2.2 Electrical Measrjjrements 

Measurements of film resistance were carried out in 
situ. For this purpose a metallic cold finger was designed 
(Fig. 2.2). The substrate deposited with electrodes was 
attached to the bottom plate of the cold finger where a 
heater was fitted near to the substrate so that its 
temperature can be varied. After making the electrical 
connections, the cold finger was fitted to the vacuum 
chamber and then film was prepared. The resistance of the 
film was measured by using four probe method. The outer 
two electrodes were used as current leads when a constant 
current of few milliamperes was passed through the outer 
electrodes, the potential drop was measured across the 
inner two electrodes by a K~3 potentiometer (Leeds and 
Northrup) . Extra care was taken to eliminate any 
thermoelectric voltage by reversing the direction of 
current for each measurements. A standard resistance was 
connected in the series with the sample. By measuring the 
potential drop across the standard resistance with the help 
of K-3 potentiometer, the current across the sample was 
calculated. The resistance of the film R^. was calculated 
by using the simple relation 



where V„ = Potential drop across the film 
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Potential drop across the standard resistance 
Value of standard resistance. 


During the measurements of resistance, the 
temperature of the film was varied by cold finger filled 
with liquid nitrogen and fitted with a heater. The 
temperature was raised by passing a d.c. current through 
the heater. A copper-constantan thermocovxple fixed rigidly 
on the substrate was used to measure the temperature of the 
film. These measurements of resistance of Sb and Bi films 
in situ, were made in a temperature range 150 to 350K. The 
resistance of bismuth film was also measured at 77K. For 
this, the film was directly immersed in liquid nitrogen and 
the resistance was recorded. The distance of inner two 
electrodes and the width of the film were measured by a 
travelling microscope, 

2.3 Thickness /feots'uremen.ds o/ th/s Films 

A quartz crystal thickness monitor (model CFM-1, Hind 
Hivac) was used to measure the evaporation rate and 
thickness of the film during the deposition. This 
thickness monitor has two oscillatory quarts crystals, one 
is monitor quartz crystal (S.OM.Hz-frequency) positioned in 
the vacuum chamber at the level of substrate and other is 
reference quartz crystal ( 6 . 5M, Hz -frequency) mounted in the 
control unit outside the vacuum chamber. The mass of the 
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deposited 

material (the thin film) ■ 

causes a change in 

the 

frequency 

of monitor crystal. 

which 

results a 

change 

in 

the frequency difference of two 

crystals. This 

change 

is 

converted 

into D.C. signals 

and 

displayed 

on 

the 


conventional meters. Before doing the actual measurements, 
this frequency shift was calibrated in terms of thickness 
for antimony and bismuth films. These calibration curves 
were used to determine the thickness of the film during the 
actual experiments . 

The thickness of the film was also measured by 
optical method. A cleaned glass slide was placed in the 
vacuum chamber near to the film substrate at the same 
level. The half portion of this glass slide was covered 
during film deposition so that a step was formed on it. 
This slide, which had deposited film on its half portion, 
was then covered by the silver coating. Another partially 
silvered glass plate was brought into contact with the film 
surface at a slight wedge angle so that a wedge shaped air 
gap was formed between the two glass slides. When the 
interferometer was illuminated with a parallel 
monochromatic beam of yellow light (589..3nm) from a sodium 
lamp at normal incidence and viewed with a microscope, dark 
fringes were observed against a bright background. By 
adjusting the relative positions of plates to form a wedge 
shaped air gap, fringes were made to run in straight lines 
perpendicular to the step. These fringes showed a 
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displacement as they passed over the film step edge. The 
separation of the interference fringes and the 
displacement or step height were measured with the help of 
a calibrated microscope eyepiece. The thickness of the 
film was calculated by using the relation 



where = Wavelength of sodium light (589.3nm} 

d = Film thickness 

A<o = Displacement or step height 

CO = Fringe width. 

2.4 ElGctron Mtciroscopy 

For the study of structural properties and grain size 
measurements of Sb and Bi films, scanning electron 
microscopes (JEOL JSM-35 and PHILIPS PSEM 500) were used. 
Since the films were deposited onto the substrate of 
insulating material, therefore, to avoid the damage caused 
by the Incident electrons, the grounding of film surface 
was made by silver paste. The film was seen on the screen 
of the electron microscope at magnifications of 5000x and 
lOOOOx. The photographs of the structure seen on the 
screen were taken on 35mm films by using a camera. The 

positive prints were used for the grain size study. The 
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grain sise was measured by a "travelling optical microscope. 
The micron marker was used for the indication of the 
magnification . 

2.5 X—vciy Di / /rac t ioTi T'&cHni.cfxj.es 



The structural properties 

of Sb and 

Bi films 

were 

also 

studied with the help of X- 

ray dif f ractograms . 

For 

this 

X-ray diffraction profiles 

were chart 

recorded 

at a 

scanning speed of 1.2*^ in 29 per minute and 

a chart 

speed 


of 15mm/minute with a time constant of 10 second on a X-ray 

diffractometer ( ISO-DEBYEFLEX 200 2D) operated at 30KV and 

20mA. X-ray was generated from a nickel filtered CuK 

<x 

target. Knowing the exact position where the diffraction 
peak occurs, the interplanar spacing d may be found by 
using the relation 

2dSin0 = X 


where O =■ Angle at which diffraction peak occurs 
X = Wavelength of X-ray . 

Sb and Bi, both, have rhombohedral structure. The 
rhombohedral lattice may be referred to hexagonal axes . ^ 
Therefore knowing d values and lattice parameters a and c, 
the indices of planes were determined by using the 
following relation 


h"" t hk + 



2 

c 


1 


4 

3 


+ 
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Grain size D was also measured from the diffraction peaks 
using Scherrer formula^ 


B CosO 
c 


where 


= True width of diffraction peak at half 
of the maximum intensity. 


This true width of diffraction peak occurs due to 
particle size only. The recording of instrumental 
profiles which acts as standard was made under identical 
instrumental settings from the pure bulk powder. To remove 
the effect of nonuniform strain in broadening, the bulk 
powder was properly annealed. The true width due to grains 
was calculated by using the following formula^ 


B 


c 





where B^ = Observed width of diffraction peak at half 

of the maximum intensity in films 


®St” Corresponding width of diffraction peak at 

half of the maximum intensity in bulk sample. 
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CHAPTER IIIA 


EFFECT OF GRAIN BOUNDARY SCATTERING ON THE ELECTRICAL 
RESISTIVITY OF POLYCRYSTALLINE TIN, LEAD, AND TIN-LEAD 
ALLOY FILMS 

3.1 Expe^rim&rttciL Resxilts and Discxissiort 

Chandra and Katyal^“^ have studied the electrical 
properties of tin, lead, and tin-lead alloy films in a 
temperature range 150 to 350K. They found that 
experimental results on film resistivity were consistent 
with the approximate form of MS model ’ for completely 
diffused scattering i.e. p=0. In this chapter, using the 
experimental data from reference 1, the effect of grain 
boundary scattering on the electrical resistivity of 
polycrystalline tin, lead, and tin-lead alloy films have 
been studied. 

Figures 3.1A and 3. IB show that in Pb, Sn, and SnPb 
films the average grain diameter increases with the film 
thickness. According to Matthiessen’ s rule the resistivity 
of a thin metal film can be calculated by superimposing the 
contributions to the resistivity due to all sources of 
electronic scatterings.^’"^ Estimating the contribution to 
the film resistivity due to surface by using the 


relation 
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wi'th "the complet.el 7 diffuse scattering <p=0) and 

8 

attributing the difference to the grain boundaries, the 

experimental value of grain boundary resistivity have 

been calculated. Figures 3.2 and 3.3 show the dependence 

of p on average grain diameter D at temperatures 175K and 
g 

300K for Sn and Pb films respectively. The grain boundary 

resistivity p of each films (Sn and Pb) is found to 

g 

increase with the decreasing grain diameter D and thus 
exhibits the siae effect. Such Type of sise effect which 
arises due to grain size, is known as internal size effect. 

In polycrystalline films, the resistivity is also 
influenced by the scattering of conduction electrons from 
the grain boundaries. The effect of grain boundary 
scattering becomes more significant when grain size is 
comparable to the mean free path of charge carriers. 
Mayadas and Shatzkes(MS)'^ developed a theory which takes 
into account the effect of grain boundary scattering. In 
this model the resistivity of an infinitely thick film is 
given as 



G(ot) 


1 - la + - 3<x^ (l+« 

2 


with 


a 



R 

(1-R) 


(3.2) 

(3.3) 


where p = Grain boundary resistivy due to both 
^ isotropic background scattering and 
grain boundary scattering 




DIAMETER D FOR TIN FILMS AT 175 AND 300 





- Bulk resistivity 
= Bulk mean free path 
D = Average grain diameter 
R = Reflection coefficient. 


To consider grain boundary scattering, a 
phenomenological theory was proposed by Richard et al . (PTT 

9 

model). In this three dimensional PTT model, a 

statistical transmission coefficient t was introduced for 
describing the effect of roughness of the grain 

7 in 

boundary. ’ The ratio of an infinitely thick film 

conductivity to that in bulk material is expressed 


as 


9-12 



^o _ 3 V 
Pg - 2 l-O 



- -g + (Hr 


] 


(3.4) 


with 


and 


V + 

^ = r-^ 

C = 4/Tr 



for t > 0 . 3 


(3.5) 


(3.6) 


where 


V 

t 


_ D (1+t) 

- 27 ^ 0 ^ 

= Transmission coefficient. 


(3.6’ ) 


Equation (3.6') defines the grain boundary parameter w 
without any restriction in t values. 


The experimental results on PgOt Sn and Pb have been 



MS 


explained v?ith the help of equations (3.2) and (3.3) of 

model"^ and equations (3.4) to (3,6’) of PTT model. In 

case of Sn films on using the bulk panameter^ = 12.6 jjCi 

cm and - 8.3 nm we see from Fig. 3.4 that MS equation 

(3.2) with R = 0.60 and PTT equation (3.4) with t = 0.15 

reproduce the experimental results at 300K. Similarly at 

175K on using = 5.2 pH cm and = 20.2 nm (reference 

1) equation (3.2) with R = 0.66 and equation (3.4) with t = 

0.075 reproduce the results. In case of Pb films^ P = 

o 

24.4 pO cm and = 4.3 nm, at 300K the experimental 

results are consistent with MS equation (3.2) for R = 0.72 

and with PTT equation (3.4) for t = 0.005 (Fig 3.5), At 

175K for Pb films^ P =13.7 p£i cm and ■( = 7.7 nm, the 

o o 

results are consistent with equations (3.2) and (3,4) for R 
= 0.67 and t = 0.05 respectively. Figures 3.4 and 3.5 show 
that there is a good agreement between the experimental and 
theoretical results on p^. Both the models, the MS model 
and PTT model, give almost same results for Sn and Pb 
films. To see the effect of surface scattering and grain 
boundary scattering on the total film re-sistivity of Sn and 
Pb films, different contributions to the resistivity have 
been calculated in Table 3.1. It is well known that if the 
grain size becomes comparable to the mean free path, the 
grain boundary scattering may produce a deviation from 

4 

Matthiessen’ 3 rule. However, according to MS and Pichard 
et al.^^ this deviation is less than 5% therefore with a 
good approximation #^gCan be expressed as the sum of 



-MS Model 
- PTT Model 
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resiativi-by only grain boundary and due to 

background. Table 3.1 shows that the contribution to the 

film resistivity due to surface scattering is small and 

enhancement in the film resistivity due to grain boundary 

scattering p , is considerably large. Thus the 

gb 

resistivity of Sn and Pb films is mainly dominated by grain 
boundary scattering. 

The alloy is a mixture of two phases. The SnPb 

alloy film have nearly the same concentration as that of 

15 

bulk alloy (i.e. 63 at.% of Sn and 37 at.% of Pb). The 

resistivity of an alloy can be given by the weighted 
average of the resistivities of two components. The total 

j 16 

resistivity of the alloy can be expressed as 


p = + <=2*2 

where 

p^ = Resistivity of Sn 
pg = Resistivity of Pb 

and X, and volume percentage of Sn and 

Pb respectively. 


The resistivity of a film under the conditions that 
film 1= not very thin ( K = | > Dand grain boundary 
influence is not very strong {« < 1)> be written 


_ p R 
4 . 3 o o + Cl 
2 (l-R)D 8 


3 'o 


(3.8) 



where d = Film thickness. 


1 8 

Thieme et al. have shown that this equation (3,8) 
is an approximation to the MS equation if K > 0.1 and a < 
1. Equation (3.8) represents the film resistivity as the 
sum of resistivities due to scattering of conduction 
electrons from phonons and defects, from film surfaces, and 
from grain boundaries, in accordance with the Matthiessen’ s 
rule . 


The total resistivity of alloy film can be obtained 
by introducing film resistivities of the component (Sn and 
Pb) films in equation (3.7) and assuming the effective 
reflection coefficient in alloy films R for both Sn and Pb 
films in alloy films. The resistivity of alloy film then 

3 

may be written as 




'’ol * 2 


3 '’ol'oi® 


3 


(l-R)D 


X, 


. r .3 *^02^02^ 
^^02 2 (l-R)D 


3 ^02^02^^'^^ 

8 d 


X 


2 


~ *^ 02 ^ 2 ^ 


+ 


3 R , 3 (1-p) 1 
2 (l-R)D 8 d J 


X 


^'^ol^ol^l ^o2'^o2^‘2^ 


(3.9) 


"Rlicjrc p ^ Stud p n b,t^ bulk irosistivitics of Sn and Pb 
ol od 

respectively 
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and and are bulk mean free paths of Sn and Pb 

respectively. 


From equation (3.9) we have 




(3.10) 


and Pg = ^o2^2^ 2 (l-R)D ^o2^o2^2^ 


(3.11) 


The values of constants are 

-in ? 

For Sn = 0.105 x 10 n cm^ 

= 11.35 pO cm 

-in ? 

For Pb P ^2 ^^2 = 0-106 x 10 O cm 

p „ = 21.31 pO cm 
o2 

= 0.603 and Xg = 0.397 

Estimating the contribution to the resistivity due to 
surface scattering P^ from equation (3.10) with p = 0 and 

attributing the difference to the grain boundaries, the 
experimental values of grain bouiidary resistivity p^ have 
been calculated. Figure 3.6 show that in SnPb films, p^ 
increases with the decrease of grain diameter and thus 
exhibits the size effect. 

Experimental results on oi SnPb films can be 

explained with the help of equation (3.11) which expresses 
the film resistivity when background and grain boundary 
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scatterings are simultaneously operative. On putting the 
values of ^1’ ^2 equation (3.7), the 

bulk resistivity of SnPb alloy at 300K is calculated as 
15.3 cm which is very close to the experimental value p^ 
= 15.5 pCi cm obtained by Chandra and Katyal.^’^ At 300K on 
using = 15.5 (jCi cm, we see that equation (3.11) with R = 
0.945 reproduces the experimental results (Fig, 3.7). 
Similarly at 200K, with p^ = 9,5 /ufi cm and R = 0,935 the 

equation (3.11) reproduces the experimental results on p . 
Figure 3.7 shows that there is a fairly good agreement 
between the experimental results and theoretical curves . 
The second term of equation (3.11) represents the 
resistivity due to only grain boundary scattering. 

From Table 3.1 it is clear that in SnPb alloy films, the 
surface scattering effect on resistivity is negligibly 
small and the film resistivity is mainly contributed by the 
grain boundary scattering. Therefore, in Sn, Pb.and SnPb 
alloy films, the grain boundary scattering plays an 
important role. Particularly in SnPb alloy films, the 
reflection coefficient R and the resistivity p^^ due to 
only grain boundary scattering are rather large in 
comparison to that in Sn and Pb films, this may be due to 
defects and impurities. 
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Table 3.1 Different contributions to the resistivity for 
Sn, Pb and SnPb films 


Film 

d 

D 



^s 


(nm) 

(nm) 

(pOcm) 

(.(jQcm) 

iljCicm) 


o 

o 

51.0 

17.9 

4.51 

0.79 


106.0 

147.0 

14.6 

1.63 

0.37 


129,0 

177.0 

14.3 

1.40 

0.30 

Sn 

163.0 

229.0 

13.8 

0.96 

0.24 


166.0 

248.0 

13.8 

0.96 

0.24 


195.0 

311.0 

13.7 

0.90 

0.20 


319,0 

530.0 

13.4 

0.68 

0.12 


91.0 

90.0 

29.4 

4.57 

0.43 


110.0 

104.0 

28.9 

4.14 

0.36 

Pb 

122.0 

206.0 

28.5 

3.78 

0.32 


165.0 

334.0 

27.2 

2.56 

0.24 


320.0 

776.0 

25.8 

1.28 

0.12 


386.0 

960.0 

25.2 

0.70 

0.10 


119.5 

260.0 

31.7 

15.87 

0.33 


156.0 

282.0 

27.2 

11.45 

0.25 


260.0 

323.0 

24.5 

8.85 

0.15 

SnPb 

275.0 

379.0 

23.6 

7.96 

0.144 


323,0 

414.0 

21.4 

5.75 

0.122 


415.0 

487.7 

19.2 

3.60 

0.095 



CHAPTER IIICB) 

thickness dependence of temperature coefficient of 

RESISTIVITY CTCR> OF TIM AND LEAD FILMS 
3.2 Re-svilts and Discussion 

The experimental results on temperature coefficient 
of resistivity (TCR) of Sn and Ph films at room temperature 
are given in Figs 3.8 and 3.9. The TCR of Sn and Ph 
films is observed to vary with the thickness. With the 
increase of film thickness, the TCR of Sn and Pb films 
increases and thus exhibits the size effect. 

9 

In the framework of three dimensional model, for a 
polycrystalline film in which three types of electron 
scatterings i.e. background scattering, grain boundary 


scattering, and external 

surface scattering, 

are 

11 IP PI 

simultaneously operative, Pichard et al . ’ ’ obtained 

an expression for the electrical resistivity of the 

film, 

which is written as 



^ =11 [ “ - -I ^ 

F 

) in (1+a ] 

(3.12) 

with 



b = + V ^ (1-C) 


(3.13) 

a = (1 + 


(3.14) 

^ = f" ( P ] 

o ^ 

for H >0.3 

(3.15) 

d (1+P) 

fj = 


(3.16’ ) 



/3(10 /K) 


70 


Ti n 



d (nm) 


ttn films. 

Fig. 3.8 PLOT OF TOR vs. THICKNESS d FOR ^ 




where Pp = Electrical resistivity of film 
P = Specularity parameter 

= External surface parameter 
u = Grain boundary parameter. 


72 


Equations (3.6’) and (3.15’) defines v and u respectively 
without any restriction on t and p values, while for 
relatively high values of t and p, the definitions of v 
(equation 3.6) and p (equation 3.15) are also valid, 


To analyse the data on the temperature coefficient of 
resistivity (TCR) in terms of the sise effect theories, 
following assumptions have been made 


(i) the rigid band model of metals is valid, 

(ii) the number of conduction electrons per unit 

volume is temperature independent, 

(iii) the thermal expansions of the grains and film’s 

dimensions are negligible in comparison to that 
of mean free path. 


In the framework of the three dimensional model, 
Pichard et al.^^ studied the TCR of polycrystalline film. 
From equation (3.4) they derived an expression for grain 
boundary TCR 



- 2 + 2r (1 + r~^) 
1 + (1-r^) -fn (1 + r 



(3.16) 


r 
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■where ft = Grain boundary TOR of film 
& 

ft^ - TCR of bulk metal. 

In the case -when v » 1, this equation (3.16) becomes 



1.1 [I <1-0, -0^] 


(3.17) 


While the total film TCR was obtained from equation (3.12) 

12,22,24-26 

as 

|7_ - 2 + 2a -^n ( 1 + a ^ ) 

_£ = _i_ ^ (3.18) 

^ ^ ~ k ^ (1-a^) (1 + a'n 


where = TCR of metal film. 

J? 

It has been observed that single layer model is not 

appropriate, therefore, to explain the experimental results 

on TCR of Sn and Pb films at room temperature, the idea of 

7 27 

two layer model proposed by Tellier and Tosser ’ have 

been used. In this model the films consist of two layers; 

the bottom layer has a constant thickness d^ known as the 

first critical thickness and second layer is homogeneous 

and polycrystalline. Since the total conductivity is the 

sum of the reciprocal resistance r]^ and r^ , the TCR 

.. 28 

of second layer can be written as 


ft 


2 


ftj + - (? 3 ^) 


r 


1 


(3.19) 



74 


where 



= TCR of first layer of thickness 
= TCR of second layer of thickness dg 
= Resistance of first layer 
= Resistance of second layer. 


The critical thickness has been extrapolated from the 
experimental data on the TCR of Sn and Pb films as d^^ = 

12.0 nm for Sn (Fig. 3.6) and d^ = 1? for Pb (Fig. 3.9). 

From Figs. 3-8 and 3.9 the value of TCR of critical 

- 3 ““1 

thickness dj^ has been extrapolated as ft ^ 0.5 x 10 K 

for Sn and == 0.7 x lO'^ K"^ for Pb. For the calculation 
of resistance rj , the value of bas been deduced from the 


[=-J 


At 

From Fig. 


variation of with the reduced thickness K 

*^0 d. 

reduced thickness y- , ~ will become . 

3.10 and taking = 12.6 pft cm, = 8.3 nm^ and d^ 

12 nm, the value of p^ is found to be 25.7 pO cm for Sn 

films. Similarly, for lead films for which p^ = 24.4 pO cm. 

= 4.3 nm^ and d^ = 17.0 nm. Fig. 3.11 gives p^ = 55.0 pO 

cm. Knowing Py the resistance of 1st layer can be 

pL 

calculated by the relation 
and width of the film respectively) 


^ (L and ^ are the length 


The TCR of second layer ft^ bas been calculated by 
using equation (3.19). Figures 3-12 and 3.13 show that the 
plot of ~ against dg yields a straight line of slope ft^ 
expecW.^^ From Figs 3. 12 3.13 wo obtained (5/= 

4.07 X 10-=K-^ lor Sn 111ms and - 3.76 x lor Pb 

films. With the known value of Ih® 






80 160 240 320 400 

d2(nm) 


PLOT OF vs. THICKNESS d„ OF SECOND LAYER FOR 
LEAD FILMS. 
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determined by using equation (3-16). Taking = 4.35 x 
for Sn films^^ and = 4.3 x 10“^K“^ for Pb 

films^^ we obtained = 24.0 for Sn and = 11.0 for Pb 
films at 300K, 

The values of and ft obtained from the experimental 
results and the usual bulk mean free path have been used to 
determine the theoretical variation of with thickness dg 
given by equation (3.18) for the different values of 

specularity parameter p. The parameter b, a, and (.i are 
determined from equations (3.13), (3.14) and (3.15'). The 
theoretical thickness dependence of TOR from equation 
(3.18) and the experimental results are shown in Figs. 3.14 
and 3.15. One can see that there is a good agreement 
between the experimental data and the theoretical 
variations. The besh fit is found for p = 0.2 in case of 
Sn and Pb films both. The low values of the specularity 
parameter P expected because the films were not 

thoroughly annealed. 

As no marked discrepancies are observed in the value 

of p and the experimental results are consistent with the 

30 

theoretical predictions, therefore, thickness dependence 
of TCR is well understood. Thus it can be assumed that TCR 
model^^ of Pichard et al. give a suitable description of 
the TCR of polycrystalline Sn and Pb metal films. 



d2 (nm) 


Fig. 3. 14 Thickness dependence of TCR of tin films. 

o-experimental points and theoretical curve 

from equation (3.18) for u - 24.0, curves: (A) p 
= 0.1; (B) p = 0.2; (C) p - 0.3. 



Fig. 3. 15 Thickness dependence of TCR of lead films 

-o-experimental points and continuous line an 
dashed line show the theoretical variations o 
equation (3.18) for p = 0.2 and p = 0 . 


respectively . 
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CHAPTER IV 


RESULTS AND DISCUSSION ON STRUCTURAL AND ELECTRICAL 
PROPERTIES OF ANTIMONY AND BISMUTH FILMS 

4.1 Ri^suLts on Antimorx'^ Films 

The sample dimensions of antimony films have been 
g^iven in Table 4.1. The rate of evaporation was 
approximately Inm/sec. The structure of the film was 
studied with a scanning electron microscope and a X-ray 
diffractometer. Figures 4.1 and 4.2 show that films are 
polycrystalline in nature. We see from Fig. 4.2 and Table 

4.2 that diffraction peaks correspond to (0003) , (1121), 
(0006), and (0009) planes. These films are strongly 
textured as evidenced by strong (0003), (0006), and (0009) 
reflections. The variation of average grain size with the 
film thickness has been shown in Fig, 4,3. The grain size 
was measured from the micrographs and X-ray diffraction 
method. These two methods give approximately the same 
results. The average grain size is found to increase with 
the thickness. The average grain size' varies from 47.5 nm 
to 234.2 nm for the corresponding change of thickness from 
41,1 nm to 335 . 5 nm. 

Figure 4.4 shows the temperature dependence of 
restivity for the antimony films of different thicknesses. 
The resistivity of the film increases linearly with the 
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temperature in the temperature range 150 to 350 K for all 
thicknesses. Thus, the temperature coefficient of 
resistivity (TCR) is positive and, therefore, antimony 
films exhibit metallic behaviour. The film resistivity 
increases with the decreasing thickness and thus exhibits 
the size effect (Fig. 4,5). At 300 K, the electrical 
resistivity of antimony films is nearly constant for 
thicker films (d > 225 nm) but for thinner films it 
increases considerably with the decrease of thickness. At 
different temperatures (150, 225, and 300 K) the resistivity 
versus thickness curves follow different paths. The TCR of 
the film is also observed to vary with thickness. The film 
TCR increases with increasing film thickness and approaches 
to the bulk values at higher thickness. The TCR of Sb 


Table 4.1 Sample dimensions of Sb films 


Sample 

Thickness 

(nm) 

Width 

(cm) 

Length 

(cm) 

Evaporation 
rate (nm/sec) 

Substrates 

temp. 

Sb 1 

41.1 

0.442 

0.902 

1.0 

350 

K 

Sb 2 

55.2 

0.576 

0.880 

1.0 

350 

K 

Sb 3 

61.0 

0.548 

0.883 

1.0 

350 

K 

Sb 4 

79.4 

0.619 

0.882 

1.0 

350 

K 

Sb 5 

103.0 

0.610 

0.880 

1.0 

350 

K 

Sb 6 

167.5 

0.625 

0.883 

1.0 

350 

K 

Sb 7 

239.0 

0.654 

0.870 

1.0 

350 

K 

Sb 8 

335.5 

0.627 

0.873 

1.0 

350 

K 



Fig. 4.1 SCANNING ELECTRON MICROGRAPH OF ANTIMONY FILM OF 


THICKNESS 335.5 nm (magnification lOOOOX) . 
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Table 

4.2 X-ray dif f raction study 

of antimony 

films 

Sample 

Interplanar 

(h k i 1 ) 

Relative 

Grain 

■thick- 

spacing 

plane 

intensity 

size 

ness 





(nm) 

(nm) 



(nm) 


0.3767 

0003 

87 


41.1 




47.5 


0.1880 

0006 

100 



0.3767 

0003 

88 


55.2 

0.1878 

0006 

100 

59.8 


0.1253 

0009 

13 



0.3761 

0003 

89 


61.0 

0.1877 

0006 

100 

64.4 


0.1253 

0009 

14 



0.3751 

0003 

85 


79.4 

0.1877 

0006 

100 

76.5 


0.1253 

0009 

21 



0.3772 

0003 

82 



0.2084 

1121 

6 


239.0 

0.1876 

0006 

100 

169.0 


0.1251 

0009 

54 



0.3772 

0003 

79 



0.2080 

1121 

5 


335.5 

0.1877 

0006 

100 



0.1251 

0009 

25 




Antimony 

□ From X-ray study 



d(nm) 


variation of average grain size d with 
thickness d OF ANTIMONY FILMS. 
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films changes from 0.41 x lO'^/K to 1.51 x 10~^/K for 
corresponding change of thickness from 41.1 nm to 200.0 nm. 
The TCR of thicker films (d > 200.0 nm) become nearly 
constant (Fig. 4.6). 

4.2 R&sults on Bismuth Films 

The sample dimensions of bismuth films are given in 
Table 4.3. The evaporation rate was approximately 1 
nm/sec. The scanning electron micrographs (Figs. 4.7 and 
4.8) show that films are made up of small grains with 
different orientations. From the diffraction pattern shown 
in Fig. 4.9 and Table 4.4 we see that diffraction peaks 
correspond to (0003), (1012), (0006), (0222), and (0009) 
planes. These SEM and diffraction studies show that 
bismuth films are polycrystalline in nature. From the 
diffraction pattern it is also observed that reflections 
corresponding to (0003), (0006), and (0009) planes are 
relatively strong, therefore, the films are highly 
textured. From Fig. 4.10 it is found that average grain 
sise measured from the micrograph and diffraction 
broadening is nearly same. The ' average grain size 
increases with the film thickness. The average grain size 
is found to vary from 93.1 nm to 297.2 nm for the 
corresponding change of thickness from 41.0 nm to 255.4 nm. 
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Table 4.3 Sample dimensions of Bi films 


Sample 

Thickness 

(nm) 

Width 

(cm) 

Length 

(cm) 

Evaporation 
rate (nm/sec) 

Substrates 

temp. 

Bi 1 

41.0 

0.457 

0.896 

1.0 

R.T. 

Bi 2 

45.7 

0.595 

0.898 

1.0 

R.T. 

Bi 3 

54.0 

0.660 

0.868 

1.0 

R.T. 

Bi 4 

68.7 

0.614 

0.883 

1.0 

R.T. 

Bi 5 

72.5 

0.625 

0.889 

1.0 

R.T. 

Bi 6 

89.6 

0.685 

0.870 

1.0 

R.T. 

Bi 7 

98.3 

0.630 

0.852 

1.0 

R.T. 

Bi 8 

165.4 

0.570 

0.884 

1.0 

R.T. 

Bi 9 

225.9 

0.687 

0.869 

1,0 

R.T. 

Bi 10 

255.4 

0.576 

0.860 

1.0 

R.T. 



C magnification 10000X> 
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C raagnlf icallon 1 0000X> 


Bismuth 



Fig. 4.9 X-RAY DIFFRACTOGRAM OF BISMUTH FILM OF THICKNESS 
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Table 

4 . 4 X-ray 

diffraction study 

of bismuth 

films 

Sample 

Interplanar 

(h k i 1) 

Relative 

Average 

thick- 

spacing 

plane 

intensity 

Grain 

ness 




sise 

(nm) 

(nm) 



(nm) 


0.3956 

0003 

53 


41.0 

0.1984 

0006 

100 

94.8 


0.1324 

0009 

19 



0.3966 

0003 

54 


45.7 

0.1981 

0006 

100 

104.6 


0,1323 

0009 

21 



0.3946 

0003 

49 



0.3274 

l012 
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The ’tempera'bure dependence of resishivify in "the 

temperature range 150 to 350 K for few bismuth films of 

different thicknesses is shown in Fig. 4.11. The results 

on resistivity at 77 K are not included because at 77 K, 

the resistivity was not measured in situ. Figure 4.11 

shows that with the increase in temperature, the 

resistivity decreases and, therefore, bismuth films exhibit 

negative TCR. It also appears from the curves of 98.3 nm 

and 225.9 nm thick films that there exists a minimum in 

resistivity at some temperature T . This minimum in 

o 

restivity shifts towards higher .temperature for thin 
samples and lies above 350 K. Figure 4.12 shows the 
thickness dependence of resistivity of bismuth films at 
temperatures 77, 150, and 300 K. The film resistivity 
increases with the decreasing thickness and thus exhibits 
the size effect. At 300 K, the resistivity is observed 
nearly constant above the thickness 160 nm and increases 
considerably with the decreasing thickness. At different 
temperatures the resistivity versus thickness curve follow 
different paths. At the low temperature, the size effects 
are observable even at some more higher thickness. 
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DISCUSSION 


4.3 Structural and Electrical Properties of Antimony Films 

The structural studies show that the antimony films 
are polycrystalline, highly textured and the grain size of 
the film increases with the thickness . The thickness 
dependence of resistivity is shown in Fig. 4.5. The first 
analysis of electrical measurements data for thin film was 
carried out by Fuchs^ and Sondheimer (FS model). The film 
resistivity in FS model is written as 


i "I 


(1-p) 


(4-1) 


where Pj, = Film resistivity 

p = Specularity parameter 
d = Film thickness 

and P and ^ are, respectively, the resistivity and 

mean free path of the bulk material having the 
same defect density as that of the film. 


Equation (4.1) indicates a linear dependence of 
resistivity on (thickness)'^. The measured fxlm 
resistivity at temperatures 150, 225, and 300 K is plotted 
a. a function of -rlatlona 
are found to be linear. The bulk realetivitr can be 
obtained from the intercept of the corresponding plot, 




vs. (THICKNESS) 
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while the slope of the curve in Fig. 4,13 will give the 

3 

value of p^^^(l-p). At 300 K, the value obtained for 

iri the present study of Sb films, are 49.0 pfi 
cm and 241.8 nm respectively, whereas Pal et al.^ 
obtained p^ = 70.0 fjCi cm and -^^Cl-p) = 51.0 nm, and 

4 

Kotlinska et al. obtained p^ = 55.0 pO cm and ■^^(l-p} = 

300.0 nm. in their study of Sb films. Thus the values of p 

o 

and -^^(1-p) obtained in the present study are close to the 

4 

values obtained by Kotlinska et al. . The values of p^ 

obtained here are very close to the pure bulk resistivity 

P, and this difference {p -p^) remains approximately 

constant at the other temperatures (Table 4.5). Knowing 

the value of p^, the bulk mean free path can be evaluated 

5 

by using the relation p ■( = constant. The calculated 

o o 

values of p^, ^^(1-p) etc. at temperatures 150, 225, and 

330 K are given in Table 4.5. For comparison the results 

O 

of other researchers are also included in Table 4.5. 
Bulk parameters are taken from the reference 7. In Fig. 
4.13 we see that the slope of the curves remains constant 
which indicates that the specularity parameter p has no 
temperature dependence. 

Fuchs model^’^ is not appropriate to explain our 
experimental results on the resistivity of antimony films 
as it reproduces the results only in the high thickness 
region and deviates appreciably in the low thickness region 
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but one can find the value of bulk resistivity by applying 
Fuchs model , 


The effect of the grain boundaries on the film 
conductivity was studied by Mayadas and Shatzkes® and 
Pichard et al. (PTT),^'^^ The equation (3.2) of MS model 
and equation (3,4) of PTT model given in Chapter III, 
describe the resistivity of an infinitely thick 

polycrystalline film when only two types of electron 
scatterings (background scattering and grain boundary 
scattering) are operative. In the present study, 
estimating p , the contribution to the film resistivity 

3 

6 

due to surface by using the relation 


p 


s 




(1-p) 


(4.2) 


with the determined value of p and attributing the 

difference to the grain boundaries, we have calculated the 

experimental values of grain boundary resistivity p^ of 

antimony films. The p is found to increase with the 

decrease in grain size D. To describe' this behaviour of 

p , MS model and PTT model have been used. The MS equation 

s * 

(3.2) with R = 0.135 and the PTT equation (3.4) with t = 
0.86 at 300 K reproduce the experimental results on grain 
boundary resistivity. The experimental results on p^ and 
theoretical curves at temperatures 150, 225, and 300 K have 
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been shown in Fig. 4.14. We see from Fig. 4.14 'bhab there 
is a good agreement between the experimental results and 
theoretical curves. The MS model and PTT model give almost 
the same results on grain boundary resistivity and the 
degree of agreement of the experimental results with the 
both theoretical curves i.e, MS and PTT, is satisfactory to 

the same extent. 


In MS model®, expression for the total resistivity of 
polycrystalline film (equation 1.16 of Chapter I) is 
complicated. Therefore, to explain the results on the 
thickness dependence of film resistivity, equation (3.12) 
(Chapter I I IB) of PTT model^^'^^ have been used. The 

values of parameters b, a, and m were calculated from 
the equations (3.6), (3.13), (3.14), and (3.15) 

respectively. With t = 0.877, p = 0.48, - 49.0 cm 

and = 215.0 nm. it ia found that equation (3.12) 
reproduces the experimental results on total film 

resistivity at 300 K. From Fig. 4.15 one can see that 
there is a good agreement between the experimental res 
and theoretical variations of equation, ( 3 . 12) of PTT model 
at temperatures 150, 225, and 300 K. 

. i results on the resistivity of 

Hence the experimental resuxT^a 

can be successfully 

polycjrystalline antimony films 

i analytic equation of three 

explained by a simple anaxyoi 

, js pA chard et al . The specularity 

dimensional model of Picnara 



Ant i mony 

PTT model 
MS model 


A(T=300K) 

B (T= 225K) 
C(T^150K) 

110 190 210 

D(nm) 

Plots of grain boundary resistivity vs. grain 

size D of antimony films. Curves: (A) o 

experimental points at 300K, MS curve for R 

= 0.135, PTT curve for t = 0.86; (B) A 

experimental points at 225 K, MS curve for R 

= 0.16, PTT curve for t = 0.835; (C) o 

experimental points at 150 K, MS curve for R 

= 0.176, PTT curve for t = 



0.82. 



Fig. 4. 


15 Plots of resistivity Pp vs. thickness d of 
antimony films. Continuous curves are drawn 
using equation (3.12). Curves'- (A) p = 0.48, t 
= 0.877, o experimental points at 300 K; (B) p = 
0.49, t = 0.845, A experimental points at 225 K; 
(C) p = 0.49, t = 0.82, a experimental points at 


150 K. 
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parameter p 0.49 and it has no temperature dependence. 
The value of reflection coefficient R is about 0.135 
0.176 while the value of transmission coefficient t is 
about 0.82 - 0.877 in the temperature range 150 to 300 K 
(Table 4.5). The grain boundary resistivity behaviour can 
be described by the PTT model and MS model. The 

comparatively large dispersion of mean free path values 
reported by several researchers (Table 4.5) is probably duo 
to the different experimental conditions used daring the 
deposition of the films. 

4.4 Strxic tiMTczl cxnd Electrical Properties of BismxLth. Films 


Figures (4.7 to 4.10) show that bismuth films are 
polycrystalline , highly textured and the average grain size 
of the film increases with the increase in thickness. 


Figure 4.11 shows that as the temperature is 

increased) the resistivity of Bi films decreases. The 

results agree well with those reported by other 

workers . It also appears from the cuirves of 98.3 nm 

and 225.9 nm thick films in Fig. 4,11 that there exists a 

minimum in resistivity at some temperature T^. This 

minimum in resistivity shifts towards higher temperature 

for thin samples and lies above 350 K. The same type of 

19“21 

behaviour had been observed by several workers. This 

type of temperature dependence of resistivity arises 


as a 
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result of competition between the temperature dependences 

of carrier density and their mobilities, which have 

different characters and opposite signs. As temperature 

20 ?1 

increases the mobility decreases rather weakly. ’ This 

decrease in mobility is attributed to the decrease of mean 
free path due to the scattering of charge carriers at the 
surface of film and at the grain boundaries. On the other 
hand the charge carrier density unlike their mobilities 
increases noticeably faster and, therefore, resistivity p^. 
decreases with temperature. The thickness dependence of 
minimum in resistivity which lies above 350 K in the 
present work can be understood in terms of change of 
temperature variation of carrier mobilities with changing 
film thickness. With decreasing film thickness the 
mobility becomes smaller and its temperature dependence 
also becomes rather weak, therefore, the minimum in 
resistivity will shift towards higher temperature. 

From the thickness dependence of resistivity curves 

of Bi films shown in Fig. 4.12, we see that as the film 

thickness is decreased, the resistivity increases. To 

study the electric conduction in bismsuth films with the 

9“’12 

help of three dimensional model of Pichard et al . 


(given in Chapter III), one should also consider the known 
fact that carrier concentration varies with the film 
thickness . Th© carrier concentration increases with 
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"the decrease in "bhickness. The increase in charge carrier 
concentrations with the decreasing thickness of Bi film can 
be accounted for by using a model involving potential 
bending near the film surface, The simplest 
approximation of the potential in bismuth film is a square 
well with infinitely high sides. Due to the large de 
Broglie wavelength and small Fermi energy of electrons in 
bismuth, a region of wavef unction "attenuation" near the 
crystal surface sets up which is appreciably larger than 
the interatomic distance. Thus an excess positive charge is 
created near the surface which corresponds to a rise in 
potential for electrons. Furthermore, Bi has large Thomas- 
Fermi screening radius, therefore, an electron charge due 
to, for examaple, the filling of surface states appearing 
at the surface is accompanied by a rise in potential near 
the surface at screening radius wavelength. A shift of 
chemical potential level and an increase in the mean 
concentration of charge carriers should also occur for 
a non-uniform potential in a semimetal film. 

The dependence of carrier densities on thickness is 
20 

well approximated by 

^F " ”o [ ^ “d J 

where n^ = Carrier concentrations in Bi films 


( 4 . 3 ) 
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n = Carrier concen'tra'bion in bulk bismuth 
o 

d = Film thickness. 

Similar dependence of n^. on thickness has been 

22 23 

reported by Asahi et al . and Sawatari et al , The 

parameter d^ depends on the density of occupied surface 

states n and may be written as 
s 


hence 


= 2d n 
o o 



( 4 . 4 ) 


Buxo et al.^^ have studied the influence of surface states 
on the film conductivity with the help of surface states 
model. The property according to wliich Cg > (where 
subscripts 2 and 1, respectively, stand for annealed and 
unannealed films) have been accounted for within the 
framework of this model. To estimate n^, a relationship 
between i.e. the barrier height and n^ have been 
derived by solving Poisson equation in the crystallite 
surface region. The effective density, of states in bismuth 
conduction band was given by 
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where m, = Electron effective mass density 
de 

k = Boltzmann’s constant 

T = Absolute temperature 

h = Planck’s constant. 

On using m, = 0.05 m , this equation yields Np = 
de o o 

oq ?4 

2.62 X 10^ m " at 300 K, Finally, Buxo et al. have 

obtained an expression for n^ as (for detail please see the 

reference 24) 


2Np k T K 
\j o 

15 .n 


(4.6) 


where K = Relative intergrain dielectric constant 

r = Permittivity constant 

o 

e = Electronic charge. 

“12 

Taking K = 3, and = 8.85 x 10 Farad/meter, the 

24 

surface state density in unannealed film was given as 

n^ = 8.59 X 10^^ [ J 

For barrier height ©V, equation (4.7) 

gives n 2:2xl0^^cm^. Knowing n i.e. d^, n^, can be 

s 

calculated from equation (4.3). 

In order to introduce this dependence of charge 
carriers on thickness, the FS equation (4.1) for film 
resistivity is modified as 
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P 




P i 
o o 


(I-P) 


(4.8) 


while the conductivity equations (3.4) and (3,12) of PIT 
model (See Chapter III) are modified as 

^ = i ~ 1 * (i-r^Kn d-tr"^) ] I (4,g) 

and 


-1 

(4.10) 

riy 

where H = — (4.11) 


1 

H 




a - 


1 

2 


+ (1 


-a^)'(fn 


(1+a ^) 


1 } 


The parameters r, v, b, a, and fj are defined by the 
equations (3.5), (3.6), (3.13), (3.14), and (3.15) 

respectively . 

1 2 

Fuchs model ’ is not appropriate to explain our 
results on resistivity completely as it reproduces the 
results only in high thicknes region and deviates 
appreciably in the low thickness region, but one can find 
the value of bulk resistivity by using this model. 
Modified equation (4,8) of Fuchs model indicates a linear 
dependence of film resistivity pj. on (Hd) ^ for thick 
films. Figure 4.16 shows a plot of measured resistivity 

vs (Hd)"^ at different temperatures. All variations are 

r 

found to be linear. The bulk resistivity is obtained from 



0 


4.16 


I 

Hd 


( 1 c 


PLOTS OF RESISTIVITY Pj. vs. FOR BISMUTH FILMS 
AT 77. 150, AND 300 K. 
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"the intercept at - v r = 0 because at infinite thickness 

(Hd) 

H 1, V7hile the slope of corresponding plot will give the 

3 

value of s P ^ (1-p). ECnowing the value of p and (1-p), 
8 o o o o 

it remains to determine the value of specularity parameter 

5 19 25 

p. In case of bismutli, it is a well known fact ’ ’ that 

mobility of electron is much larger than the hole mobility, 
therefore, we can estimate the bulk mean free path from one 
carrier formula 


P ^ 
o o 




(4.12) 


In the present study, the values obtained for p^, 

and p at 300 K, are 2.25 x lO"'^ Ocm, 0.331 pm, and 0.43 

respectively. The calculated values of p^, P etc at 

temperatures 77, 150, and 300 K are given in Table 4.6. 

, 5,19,26 

For comparison the results of other researchers are 

also included in Table 4.6. Bulk parameters are taken from 
the paper of Abies and Meiboom.^ From Table 4.6 we see 
that specularity parameter p is temperature independent. 


Now to estimate the variation of carrier 

concentration as a function of thickness d, we have used 

the values of various constant terms given in reference 

24. Using equations (4.5) to (4-7), we obtained the 

12 ~2 

concentration of surface states n^ as 2 x 10 cm . The 

corresponding value of d^ at 300 K is found to be 4.5 nm. 



Table 4.6 Comparison of electrical properties of bismuth films 
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whereas 

Schnelle and 

Dinner^® 

obtained 

d 

o 

= 10.0 

nm 

by 

fitting 

simply 

the theoretical 

curve to 

the results 

of 

measurements . 

At 77 

K, from this model 

d 

o 

is found 

to 

be 


22 

21.4 nm, whereas Asahi et al. explained the experimental 
results on using equation (4.3) with d ^5= 62,0 nm. 

r O 

Therefore, the results are not same. But at 4.2 K, this 

20 

model gives d^ = 40.0 whereas Komnik et al . estimated d 
o o 

as 50.0 - 55.0 nm, which is not very much different. 
Knowing the value of d^, n^ has been calculated as a 
function of thickness by using equation (4.3). 

To include the thickness dependence of charge carrier 
concentrations, the equation (4.2) is modified as 


where p 

3 


3 ^o ^o 
*^3 ■ 8 Hd 

Resistivity due to surface scattering. 


(4.13) 


Estimating the contribution to the film resistivity 
due to surface scattering from the equation (4.13) with the 
calculated value of p and attributing the difference to the 
grain boundaries, we have calculated the experimental 
values of grain boundary resistivity p^. This p^ is found 
to increase with the decrease of grain size and thus 
exhibits the size effect. Equation (4.9) with t = 0.86 at 
300 K reproduces the experimental results. The 
experimental values of p^ and theoretical predictions of 
equation (4.9) at different temperatures are shown in Fig. 
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4.17. From Fig. 4.17 one can see "bhat experimental results 
agree well with the theoretical curves. At 150 K, the p 

g 

is almost constant and does not depend on grain size while 
at 77 K, is found to decrease when grain size decreases 
and becomes smaller than 140.0 nm. This type of behaviour 
is due to the variation of carrier densities with the 
thickness of Bi film. 


To explain the results of measurements on thickness 

dependence of film resistivity , equation (4.10) have been 

used. The values of v, fj , b, and a were calculated from 

equations (3.6), (3.15), (3.13), and (3.14) respectively. 

For various calculations DECIO computer was used. Using 

-4 2 

the values p^ = 2.25 x 10 Dcm, = 3.31 x 10 nm, p = 
0.43 (obtained from Fig. 4.16), and t = 0.90, we see that 
equation (4.10) reproduces the results on film resistivity 
at 300 K. Figure 4.18 shows that experimental results are 
in good agreement with the. theoretical variations of 
equation (4.10) at temperatures 77, 150, and 300 K. 


Therefore in bismuth film, the surface states play an 
important role, because of which the electrical properties 
are drastically altered. The variation of carrier densities 
with thickness can be estimated from the presence of 
surface states. To include this thickness dependence of 
carrier densities, conductivity equations of PTT model are 
modified. The experimental results on resistivity can be 
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successfully explained by this modified PTT model. The 

specularity parameter p 0.43 and has no temperature 

dependence. The transmission coefficient is about 0.86 
0,91 in the temperature range 77 to 350 K. 
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CHAPTER V 


SUMMARY AND CONCLUSIONS 


In general , a 

thin 

metal film has 

a 

higher 

resistivity than 

that 

of the 

bulk metal. This 

is 

due to 

the size effect 

and 

the high concentration 

of 

lattice 

defects in thin 

f ilm . 

When 

film thickness is of 

“the 

order 


of mean free path, the resistivity gets modified due to the 
geometrical limitations imposed by the film,, boundaries on 
the mean free path of charge carriers. The size effect 
theory of Fuchs and Sondheimer deals with the phenomena of 
isotropic background scattering and surface scattering of 
charge carriers. The electrical resistivity of a 
polycrystalline film is influenced not only by isotropic 
electron scattering due to phonons and point defects and by 
surface scattering, but also by grain boundary scattering 
effects. This grain boundary scattering effect (internal 
size effect) becomes significant when the mean grain width 
is of the order of mean free path of conduction electrons. 
Mayadas et al. developed a theory of electrical resistivity 
for polycrystalline film which takes into account the grain 
boundary scattering. They related the film resistivity with 
mean grain diameter. Another theory which considers the 
effect of grain boundary scattering on the resistivity was 
given by Pichard et al. 


Using Matthiessen’ s rule, 


the grain boundary 
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resistivity has been calculated with p = 0 from the 

experimental data on resistivity of polycrystalline Sn and 

Pb films at 175 and 300 K. This grain boundary resistivity 

Pg arises when two types of electron scatterings 

(background and grain boundary scattering) are 

simultaneously operative. The experimental results show 

that p ^ increases with the decreasing grain diameter. This 

behaviour of p ^ can be explained very well by MS and PTT 

models. At 300 K, for Sn films in which - 12.6 pO cm 

and i =8.3 nm, the MS equation (3.2) with R = 0.60 and 

o 

PTT equation (3.4) with t = 0.15 reproduce the experimental 
results on p^. While in case of Pb films for which = 

24.4 pfl cm and = 4.3 nm, equation (3.2) with R = 0.72 
and equation (3.4) with t = 0.005 reproduce the results on 
Pg at 300 K. Similarly at 175 K the results on P^ of 
polycrystalline Sn and Pb films are consistent with MS and 
PTT equations. Both MS and PTT grain boundary models give 
nearly the same results on p^. It is also concluded that 
in Sn and Pb films scattering from external surface is not 
significant. The electron scattering at grain boundaries 
is large and contributes mainly to the film resistivity. 

The grain boundary resistivity p^ of SnPb alloy film 
exhibits the size effect. In case of SnPb alloy film which 
is a mixture of two phases, the total resistivity is the 
weighted sum of resistivities of two components. Using the 
expression for the film resistivity given by Wissmann, an 
equation for the grain boundary resistivity (equation 3.11) 
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has been found in terms of resistivities of constituent 

films. This equation (3.11) reproduces the experimental 

results on p of SnPb alloy film with R = 0.945 at 300 K. 
s 

Similarly, at 200 K, experimental values on p are in 

s 

agreement with equation (3.11). Therefore, this equation 
describes the experimental results with good agreement. 
In case of SnPb alloy film also, the surface scattering is 
small and the grain boundary scattering is the main 
dominating factor in the film resistivity. 

The TCR of Sn and Pb films increases with the 
increase of film thickness. This thickness dependence of 
TCR can be studied with the help of three dimensional model 
of Pichard et al. It is found that for p = 0.2 the results 
of TCR are consistent with the theoretical equation (3.18) 
of PTT model. As no marked discrepancy is observed in the 
value of p and thickness dependence is well described, 
therefore, it can be concluded that TCR model of Pichard et 
al. gives a suitable description of the TCR of 
polycrystalline Sn and Pb metal films. 

The structural studies of Sb and Bi films show that 
these films are polycrystalline in nature. The average 
grain size of these films is found to increase with the 
film thickness. These films are highly textured. 

The resistivity of Sb films increases with the 
temperature thus antimony films exhibit metallic behaviour. 
The resistivity and TCR of Sb films vary with the 
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thickness and exhibit the size effect. The values of p 

o 

and ■^^(1-p) for Sb at 300 K are 49,0 pO cm and 241.8 nm 

respectively, Fuchs model is not appropriate to explain 

our results on the resistivity of Sb films. The grain 

boundary resistivity increases with the decreasing grain 

diameter. The experimental results on p at different 

e 

temperatures are found to be consistent with the 
theoretical curves of MS and PTT equations. Both MS and 

PTT models give almost the same results on p and the 

g 

degree of agreement of the experimental results with the 

theoretical curves i.e. MS and PTT, is satisfactory to the 

same extent. Therefore, behaviour of p vs D can be 

g 

successfully explained with the help of MS and PTT models. 
To describe experimental results on resistivity of Sb films 
PTT equation (3.12) have been used. It is found that at 
150, 225, and 300 K, the experimental results are 
consistent with the equation (3.12). The specularity 
parameter p =; 0.49 and is temperature independent. 

The electrical resistivity of Bi films decreases with 
the increasing temperature and it also appears from pp vs T 
curves of thicker samples that a minimum in resistivity 
exists at some temperature T . For thin samples, this 
minimum in resistivity shifts towards higher temperature. 
This behaviour arises due to the competition between the 
temperature dependences of carrier density and carrier 
mobility. The carrier mobility decreases with the 
increasing temperature but rather weakly. On the other 
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hand ^.116 carr’lei* density unlike their mobilities increases 
noticeably faster and, therefore, p^, decreases with the 
increase of temperature. The thickness dependence of 
minimum in resistivity can be understood in terms of change 
temperature variation of carrier mobility with changing 
film thickness. The charge carrier concentration increases 
with the decreasing film thickness. This increase in 
charge carrier concentrations of Bi films can be accounted 
for by using a model involving potential bending near the 
film surface. The variation of carrier concentration as a 
function of thickness can be estimated theoretically from 
the presence of surface states. Using a surface state 
model, the surface state density is found to be about 2 x 


.^12 -2 

10 cm 

To 

include this 

variation 

of carrier 

concentrations , 

the 

conduct ivi ty 

equations 

have been 


modified. These modified conductivity equations (4.8) to 

(4.10) have been used to explain the experimental results 

on resistivity of Bi films. The values of bulk resistivity 

-4 

and mean free path of Bi at 300 K are 2.25 x 10 dcm and 

0.331 pm respectively. The specularity parameter p (= 0.43) 

is independent of temperature. The experimental results on 

P at 77, 150, and 300 K are found to be consistent with 

s 

the PTT equation (4.9). Similarly the results on total 
resistivity of Bi films at 77, 150, and 300 K agree well 
with the theoretical curves of PTT equation (4.10). Hence, 
we see that due to the presence of surface states, the 
electrical properties of bismuth films are drastically 
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altered. The thickness dependence of resistivity of 
polycrystalline Bi films in a temperature range 77 to 350 K 
can be successfully explained with the help of the modified 
Pichard et al. model which also includes the variation of 
carrier concentration with film thickness. 

We see that PTT model explains completely the 
experimental results on resistivity of polycrystalline 
metal films. Therefore, it can be suggested that simple 
analytic equation (3.12) (Chapter III) of Pichard et al . 
model can be regarded as an alternative formulation for the 
complicated expression of total conductivity of 
polycrystalline film obtained in the Mayadas-Shatakes 
model . 
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